V348 Sgr is simultaneously an active hot R Coronae Borealis (RCB) variable, a peculiar extreme helium star, and the hydrogen-deficient central star of a planetary nebula. Explaining the RCB-type variability has been difficult since the star spends much of its time at minimum light. We present new ground-based multicolour photometry covering 5 observing seasons and 80 days of continuous photometry from space. The latter demonstrate small-amplitude (< 0.01 mag.) variability at maximum light on timescales typical for strange-mode pulsation in hot helium supergiants. These could provide a trigger for frequent dust-production episodes; other mechanisms must also be considered. Multi-colour photometry probes the reddening properties of extinction events from minimum to maximum light. The latter are comparable with extinction events due to carbonaceous grains seen in cooler RCB stars. Minimal reddening at minimum light is indicative that starlight scattered from circumstellar dust into the line of sight dominates transmitted light.
INTRODUCTION
V348 Sgr (= HV 3976 = 21.1929 Sgr) (Herbig 1958) has been described as a Rosetta stone for stellar evolution . It is at the same time a peculiar extreme helium star 1 , the central star of a planetary nebula (PN G011.1-07.9 = SB17) (Herbig 1958; Pollacco et al. 1991) , and is host to an extended dust-disk and envelope . It shows light variations of the R Coronae Borealis (RCB) type over timescales of months (Woods 1926; Schajn 1929; Parenago 1931; Hoffleit 1958; Bateson & Dodson 1982) , low hydrogen and high carbon abundance (Jeffery 1995a; Leuenhagen et al. 1994 Leuenhagen et al. , 1996 and a secular fading over a timescale of years which prob- † email: Simon.Jeffery@armagh.ac.uk 1 Leuenhagen et al. (1994) describe V348 Sgr as a lowmass carbon-rich Wolf-Rayet star of spectral type [WC12] . Crowther et al. (1998) observe that V348 Sgr fails their criteria for a [WCL] classification and prefer 'peculiar extreme helium star', a designation followed by Acker & Neiner (2003) .
ably corresponds to an increase in effective temperature as the star contracts (De Marco et al. 2002; Schaefer 2016) .
Analyses of its photosphere and wind find V348 Sgr to have a high luminosity-to-mass ratio, an effective temperature 20 000 -22 000 K, surface gravity log g/ cm s −2 < 2.7, radius 6 R⊙, a surface characterized principally by mass fractions of < 4% hydrogen, and approximately 40% helium and 55% carbon, and a radiatively-driven wind indicative of mass loss of someṀ ≈ 10 −6.5 M⊙yr −1 (Dahari & Osterbrock 1984; Jeffery 1995a; Leuenhagen et al. 1994 Leuenhagen et al. , 1996 . RCB-type extinction events are associated with the ejection of dusty material. Multi-wavelength studies of the circumstellar dust around V348 Sgr have demonstrated its gross properties by comparing spectra obtained at light maximum and light minimum, concluding that its composition is dominated by amorphous or disordered carbon grains (Feast & Glass 1973; Schönberner & Heber 1986; Jeffery 1995b; Drilling et al. 1997; Hecht et al. 1998; Wada et al. 1998; Clayton et al. 2011; Gavilan et al. 2017 ).
Whilst Herbig (1958) speculated that the natural state of V348 Sgr is at minimum light interrupted by luminous outbursts, the contemporary view is that a naturally bright state is interrupted by the ejection of carbon-rich gas which condenses to form dust that obscures some or all of the stellar surface. Explanations for the surface chemistry and the presence of a nebula are provided by a star which after evolving through its hydrogen and helium-burning phases has left the asymptotic giant-branch and which experienced a late thermal pulse (or helium shell flash) as it was approaching the white dwarf cooling track. This pulse caused the star to expand rapidly and to become briefly a red giant and now to contract toward the white dwarf sequence for a second time (Dahari & Osterbrock 1984; Pollacco et al. 1990; Herwig 2000; De Marco et al. 2002) . This history is distinct from that attributed to cooler RCB and extreme helium (EHe) stars, believed to arise from helium-shell burning giants which form following the merger of two white dwarfs (Webbink 1984; Iben & Tutukov 1984; Saio & Jeffery 2000 Clayton et al. 2007; Jeffery et al. 2011; Zhang & Jeffery 2013; Zhang et al. 2014) .
V348 Sgr continues to pose questions. There has been no study of the evolution of dust properties during a V348 Sgr extinction event, nor has it been established whether these events and those seen in the classical (cooler) RCB stars are equivalent. Most cool RCB stars spend less than 20% of their time at minimum light; dust formation occurs at a radial distance of ≈ 2 R⋆ on timescales short (≤ 1 week) compared with the dynamical timescale (≈ 40 d). In contrast, the temperature and ultraviolet flux at 2 R⋆ from V348 Sgr are too high for dust nucleation to occur, and V348 Sgr spends up to 45% of time at minimum light (Hoffleit 1958; Bateson & Dodson 1982) . The dust formation timescale is long compared with the dynamical time. Ultimately it will be necessary to establish how far the dust forms from the star, what is the chemistry and nucleation mechanism that triggers dust formation, and what trigger can be so efficient to maintain the observed level of activity. Resolving these questions has hitherto been hindered by a scarcity of synoptic photometry at any wavelength, let alone in more than one waveband. This paper presents results from a continuing campaign to monitor V348 Sgr in three wavebands, and from the Kepler spacecraft which observed V348 Sgr during K2 Campaign 7 ( § 2). Photometry at maximum light is used to look for short-period surface activity ( § 3). The connection between surface activity and extinction triggers is discussed in conjunction with the reddening properties of dust derived from three-colour photometry ( § 4). Corollaries between extinction events in V348 Sgr and R CrB are discussed.
OBSERVATIONS
V348 Sgr varies with a range from 10.6 to 17.1 in photographic magnitude, spending more time at minimum light than at maximum (Hoffleit 1958) . Heck et al. (1985) state that "Additional photometric observations are necessary to . . . gain insight into the fading and brightening phases [of V348 Sgr]. As it is not possible to mobilize professional instruments for monitoring this unpredictable star, we have here a typical case where amateur astronomers might be of invaluable assistance". With the increasing capability of am- check star (Ck) and two other comparison stars (C1, C2) were also extracted (Table 1 ). All data are available online from the AAVSO database (observer code HMB).
The complete BV I light curve for 2014 to 2018 is shown in Fig. 1 .
K2 (Kepler) Observations
Long cadence (LC) observations of V348 Sgr (= EPIC 216129500) were obtained during Campaign 7 of the Kepler/K2 mission between 2015 Oct 04 and 2015 Dec 26. Data were downloaded from the Mikulski Archive for Space Telescopes after reduction with the EVEREST pipeline (Luger et al. 2016) . The detrended lightcurve is shown in Fig. 2 . Substantial variations with semi-amplitude between 5 and 10 parts per thousand (ppt) on multiple timescales between 0.5 and 2 days are evident.
VARIABILITY AT MAXIMUM LIGHT

ROAD photometry
The light curve shown in Fig. 1 represents the most complete and only multicolour lightcurve of V348 Sgr from a single site. Whilst the S/N is limited at minimum light, the general form is unsurprising in the context of substantial published records (see § 1). Approximately 40% is at light minimum (V > 14), approximately 25% at light maximum (V < 11), with the remainder mostly obtained during egress from minimum or during weak minima. Unfortunately, the only ingress events captured were not prior to long-lasting deep minima.
Of the periods at maximum light, an uninterrupted run of some 80 d in 2015 provides an opportunity to explore the underlying variability at a level of 0.01 mag 3 . A segment of the I light curve from JD 2457220 to 2457340 has been isolated and inspected. The I band has been selected for having the best photon statistics for V348 Sgr and the reference stars. The star labelled 'Ck' in Table 1 was used to form differential magnitudes, and corrected to ensure the star labelled 'R' had I = 11.200. The lightcurve was detrended using a high-pass Gaussian filter having full width half maximum of 11.8 d; comparison stars were treated in an identical manner. The resulting light curves are shown in Fig. 3 .
Excluding an unexplained brightening around JD 2457230, the standard deviations of the measurements of V348 Sgr and three comparison stars (R, C1, and C2) were 0.0031, 0.0031, 0.0025 and 0.0024 mag. respectively (JD 2457235-2457340). The mean error on the V348 Sgr measurements was 0.0083 mag. Given these statistics, the appearance of a weak sinusoidal oscillation between JD 2457250 and 2457280 is probably deceptive and we find no unambiguous evidence for short-term small-amplitude variability in the ROAD photometry.
K2 photometry
The K2 light curve is remarkable. The first quarter of the light curve shown in Fig. 2 (second panel) suggests a period around 0.5 d or less. This half-day period reappears at late times within a more dominant variation covering some 5 to 10 d, but is replaced by an oscillation of between 1 and 2 days during the second quarter.
An inspection of the Fourier transform (FT) amplitude spectrum obtained from the entire K2 light curve is equally perplexing (Fig. 4) . It shows two groups of peaks with frequencies f around 0.2 and 0.4 d −1 , and significant isolated peaks at 1.6, 2.4 and 3.2 d −1 are also evident. Power associated with spacecraft pointing corrections is seen at f = 4 d −1 . Evidently the light variations in V348 Sgr are non-uniform, varying in both amplitude and frequency. There may also be multiple signals present which are unresolved in the relatively short duration of the K2 campaign. Other interpretations are also possible.
The light curve was investigated using a sliding Fourier transform (cf. K2 observed up to 15 cool RCB stars during Campaigns 7, 9 and 11 (Clayton et al. 2017) . Inspection of the Kepler database shows clear evidence of cyclical variation on a time scale of ≈ 40 d for several stars, whilst others were observed during their slow rise to maximum light. Analyses are continuing.
PULSATION AND DUST
Pulsation
Deducing a physical mechanism for incoherent light variations is difficult. Light variations of similar amplitude and timescale have been observed in other low-mass hydrogen-deficient supergiants of similar effective temperature, namely the EHe stars V2076 Oph (Lynas-Gray et al. 1987 ) and V2209 Oph (Jeffery et al. 1985) . Whilst light curves of both stars have been interpreted in terms of a multi-periodic variation, their duration and coverage make such a conclusion risky (Wright et al. 2006 ). Nevertheless, the envelopes of hydrogen-deficient supergiants are unstable to pulsation through opacity-driven strangemode instability on approximately the timescales observed (Saio & Jeffery 1988; Jeffery & Saio 2016 ). Consequently, a legitimate but not exclusive interpretation of the K2 lightcurve is a quasiperiodic oscillation of the stellar photosphere with periods of ≈ 2.5 and 5 -10 d. These are comparable with those seen in V2209 Oph (Jeffery et al. 1985) . The incoherent flickering seen at 0.5 d timescales does not fit the pulsation picture so well.
Dust triggers
A corollary to the variability of V348 Sgr at maximum light is provided by cooler RCB variables on longer timescales. Early observations of RY Sgr attempted to identify a correlation between pulsation phase and decline onset (Alexander et al. 1972) . Further efforts to establish pulsation characteristics have recognised that the light (and velocity) variations in cool RCB stars are not strictly periodic (Crause et al. 2007 ). Moreover, the locale of dust formation is restricted to a relatively small fraction of the surface (Jeffers et al. 2012; Bright et al. 2011) . Synoptic spectroscopy of R CrB itself has provided evidence for increased turbulent activity in the stellar atmosphere prior to onset of the great decline of 2007 (Feast et al. 2019) .
A physical model has been proposed in which carbon nucleation could be triggered by accelerated cooling following the periodic passage of an outward-running shock wave (Woitke et al. 1996) . This model provides a crucial link between the phenomena of dust formation and pulsation in cool RCB stars on the one hand, and evidence that the dust must form at small radial distance from the star, on the other (Clayton 1996) . It is conditional on the nucleation growth time not exceeding the pulsation period. Whilst there is good evidence for a pulsation-decline relation in RCB stars (Crause et al. 2007) , it still remains to be demonstrated that a dust episode is triggered by a pulsational excursion to maximum radius and not, for example, by the eruption of a large convection cell as suggested by Wdowiak (1975) (see also Feast (1986 Feast ( , 1996 ). That the question is still live is attested by Feast et al. (2019) who remark that Coravel data "show that a major disturbance was present in the atmosphere of R CrB for at least 130 days prior to the 2007 RCB-type decline".
Whilst irregular or quasi-periodic pulsations may offer a plausible explanation for the light variations observed in V348 Sgr, the extension of the cool-RCB dust-formation paradigm to V348 Sgr causes difficulties. The photosphere of V348 Sgr is some three times hotter than that of the cool RCB stars, and some 19 000 K hotter than the gas temperature Tg ≤ 1500 K required for carbon nucleation. From a simple energy density argument and assuming the luminosities of RCB stars and V348 Sgr are similar (i.e. Tg ∝ r −0.5 , where r is radial distance), the equivalent nucleation radius for V348 Sgr would be ≈ 18 R⋆ (108 R⊙) provided that superadiabatic cooling occurs. Without extra cooling, Tg ≤ 1 500 K would occur at r > 200 R⋆ (1200 R⊙). Moreover, this must occur over a much larger solid angle around the star in order to provide the same obscuration for a larger fraction of time. A second problem is that the K2 "pulsation" period of ≈ 2.5 d and the 0.5 d flickering are short compared with published observations of decline to minimum (4 -6 d; Heck 1981; Heck et al. 1982) . The longer K2 period of 5 -10 d might be more accommodating, and continuing ROAD observations may show a decline time shorter than this. However, it is difficult to see how either pulsation or convection induced shocks (in a radiative photosphere) could trigger dust formation at r > 18 R⋆. A possible solution lies in the presence of a stellar wind sufficiently dense to produce the coolest [WC]-type spectrum yet known. Could it be possible that instabilities in the wind trigger turbulence accompanied by shocks which allow multiple regions to condense superadiabatically after they pass? Could the K2 lightcurve be associated with instabilities in the wind, rather than in the stellar photosphere? Modelling such phenomena has not yet been attempted.
Dust properties
It is commonly understood that RCB extinction events lead to the reddening of starlight (Alexander et al. 1972) , and hence to the inference that the extinction is caused by dust (Loreta 1935; O'Keefe 1939) . There is also evidence that during early stages of some declines, starlight may become bluer while the photosphere is eclipsed and the hotter corona remains visible (Cottrell et al. 1990) . At some point during recovery, the starlight does become redder, and then recovers its original colour as the star brightens. Moreover, the degree of reddening during recovery carries information about the specific properties of the dust. The BV I observations described above therefore provide an opportunity to compare the properties of dust ejected by a hot RCB star with that ejected by cool RCB stars such as R CrB itself. Figure 6 shows the colour-magnitude (V vs B − V and V −I) diagrams for V348 Sgr and R CrB 4 . Note that the zero points reflect the different intrinsic colours and non-variable components of the reddening of the two stars. A feature hinted at by the noisy data at light minimum is observed in the ultraviolet below 3200Å, where all of the light during a deep minimum is due to scattering (Hecht et al. 1998 ). At optical wavelengths, this phenomenon is more apparent in the comparatively cleaner data for R CrB, namely that the colours at light minimum are similar to those at light maximum. In the case of V348 Sgr, instrumental sensitivity is a limitation.
Figure 6 must be interpreted with caution. Nearly all of the observations were obtained during deep minimum, during return to maximum light or at maximum light. They do not indicate what happens during rapid decline. As stated, there is evidence that starlight becomes bluer or remains blue during this initial phase (Cottrell et al. 1990 ). Pugach (1991, Fig. 5) argued that for R CrB there is a hysteresis in the colour-magnitude plane, with decline following a steeper and bluer trajectory than recovery. His numerical description for the photometric behaviour of R CrB is shown in Fig. 6 in which reddening during rapid decline appears to restrict δ(B − V ) < 0.7 mag. This low reddening phase may be due to the only surviving light being scattered from small grains, rather than being absorbed and re-emitted. Combining redder light from scattering close to the line of sight (cf. sunset) and bluer light from higher scattering angles (blue sky), the nett effect is the reverse of the reddening seen later at smaller optical depths. There is limited supporting evidence in the case of R CrB where AAVSO data points at intermediate extinctions (12 > V > 9) are seen in the blue (Fig. 6) , However, V348 Sgr was not observed during a deep decline, and the 2007 -2018 sample for R CrB covers only 2 declines.
The evidence that V348 Sgr commences deep minima as a blue star is most clearly seen in B −V (Fig. 6) . It is less obvious in V − I and possibly occurs only at higher extinctions than in B − V . R CrB at maximum extinction (δV > 8 mag) has similar colours to those at light maximum. For both stars, as deep minimum continues, dust grains grow, the dust cloud starts to disperse and starlight becomes redder by up to 1.5 magnitudes when δV ≈ 6 mag below maximum light. Thereafter both stars become bluer as they recover to full brightness. It is during these final stages of recovery that the dust properties of R CrB and V348 Sgr can most easily be compared.
To compare dust properties, linear fits of the form
were obtained by weighted regression on points with V < 15 (V348 Sgr) and V < 12 (R CrB) and σB−V < 0.01 (or σV −I < 0.01). The resulting fits are shown in Fig. 6 and the coefficients are as follows:
V348 Sgr R CrB m1 = 3.992 ± 0.017 4.181 ± 0.011 m2 = 4.410 ± 0.020 3.480 ± 0.005
The coefficients represent the slopes of the reddening lines obtained from the highest quality data < 3mag below light maximum. For R CrB, they can be compared with the value m1 = 5.32 ± 0.31 given as the inverse slope 1/m1 by Pugach (2004) . The latter argued that the extinction properties of RCB ejecta are distinct from those of dust around other stellar types ( m1 = 3.98) and in the interstellar medium, presumably because the former is carbonaceous and the latter silicate. However, the numbers obtained here for R CrB do not support the value obtained by Pugach (2004) . Despite the small formal errors relative to the gradient differences, sparse data coverage for R CrB makes any conclusion on differences between V348 Sgr and R CrB premature.
CONCLUSION
V348 Sgr continues to present observational challenges. New observations with ROAD and K2 partially address the high fraction (45%) of time spent in RCB-type declines.
We have discovered significant short-period (∼ 2.5 − 10 d) small-amplitude (0.01%) light variations. The timescale is correct for pulsations, but the origin of the activity needs to be better localized to either the photosphere or the wind. The timescale is short compared with historical observations of the decline phase.
We have measured the colour-magnitude relation during deep minima and during recovery, but observations of ingress are elusive, even after five years. The colourmagnitude relations measured during return from light minimum strongly resemble those measured in R CrB. The latter demonstrate a gradient reversal at around 6 magnitudes of extinction in V . Taking R CrB and V348 Sgr together, the obscured spectrum appears to reach a scattering limit as the optical depth reaches unity first in the ultraviolet (Hecht et al. 1998) , followed by B, V , and finally I. These similarities between V348 Sgr and R CrB support Clayton et al. (2011) who assert that the dust properties of V348 Sgr are more similar to cool RCB stars than to another hot RCB star (HV 2671) and a cool Wolf-Rayet central star (CPD−56
• 8032), and Drilling et al. (1997) who find the dust likely to be composed of amorphous carbon, rather than graphite.
The fraction of time spent at minimum light also supports the idea argued by Drilling et al. (1997) of a cloud covering the entire star and not just lying in the line of sight. In light of these observations, we suggest that dust production in V348 Sgr could occur as a result of small-scale supersonic turbulence producing localised shock fronts ubiquitously in the stellar wind at a radius of some 20 R⋆. Such shock fronts would lead to superadiabatic cooling and carbon nucleation on a range of length scales. They could also manifest as the short-characteristic (0.5 d) incoherent flickering seen in the K2 light curve. Models are needed to test such ideas.
Continuing observations of V348 Sgr are essential to probe the early phases of dust production during a deep decline. In view of the current impossibility of predicting times of decline, these are difficult. Photometry sensitive to millimagnitude variability at maximum light and through early decline is desirable. Spectroscopy at similar phases would determine any lag between photospheric lines and wind lines becoming obscured, and hence help locate the carbon nucleation site. Meanwhile, broadband photometric observations are continuing at ROAD in an effort to characterise the decline timescales.
APPENDIX A: AAVSO LIGHT CURVES FOR V348 SGR AND R CRB
The complete V348 Sgr light and colour curves reported in § 2 are shown in Fig. A.1 .
Photometry of R CrB used in this paper was obtained from the AAVSO online database and is shown in Fig. A.1 . The data were sifted to include only secure observations made in B, V and I filters between the dates 2007 Jan 1 and 2018 Dec 31. Upper limits were excluded. As widely reported, R CrB was in a low state for a substantial fraction of this interval (e.g. Howell et al. 2013 ). The AAVSO observations were binned to form daily means. Colours were formed from observations obtained on the same day. Photometric errors are not reported by AAVSO for any of the data extracted here. We therefore estimated an error for every measurement m (mag.) from e = ±10 (m−18)/4 mag, corresponding to ±0.001 mag at m = 6 and ±0.5 mag at m = 18.
